We consider an N = 1 supersymmetric U (N ) gauge theory with an adjoint chiral multiplet. By developing a self-consistent Hartree-Fock approximation to the leading order which is reminiscent of that of the BCS/NJL in the superconductivity/chiral symmetry, we show that the N = 1 supersymmetry is spontaneously broken, giving a mixed Majorana-Dirac mass term for gaugino due to the nonvanishing D-term VEV and F -term one induced by D-term.
Introduction
Supersymmetry (SUSY) is one of the attractive scenarios as the solution to the hierarchy problem, but it must be spontaneously broken since sparticles have not been observed so far. Two kinds of order parameters of SUSY breaking are known. One is a nonvanishing vacuum expectation value (VEV) of F-term in the chiral multiplet, and the other is that of D-term in the vector multiplet. In the case of Fterm SUSY breaking, there are the mechanisms generating the nonvanishing VEV of F-term both at tree level 1 and at quantum levels. To solve the hierarchy problem, SUSY breaking scale should be around TeV scale, which requires SUSY to be dynamically broken. In SUSY case, this implies that SUSY is broken by nonperturbative effects due to nonrenormalization theorem 2 . Instantons, and gaugino condensation etc. play an importnat role in generating nonperturbative superpotential which causes SUSY breaking. Such a mechanism has been well studied so far 3-5 . On the other hand, D-term SUSY breaking at tree level 6 is well known, but D-term SUSY breaking beyond the lowest order of perturbation theory has not been studied so extensively * in spite that it is in principle possible since the nonrenormalization theorem does not apply in this case.
We propose a new mechanism of dynamical SUSY breaking where the nonvanishing VEV of D-term is generated in the sense of self-consistent Hartree-Fock approximation 9 as in the theory of superconductivity 10 and chiral symmetry. 11 We have explicitly derived a gap equation for D-term in a U (N ) gauge theory with an chiral adjoint multiplet and have indeed shown the existence of its nontrivial solution with D = 0. Although our SUSY breaking vacuum is a local minimum from the fact that a gap equation still has a trivial solution with D = 0, we show that the decay rate of our vacuum into the true one can be sufficiently small by adjusting parameters of the theory. In our mechanism, scalar gluons are assumed to exist in nature, which is distinct from the previous proposals on dynamical SUSY breaking and expected to provide specific signatures in collider physics.
Basic idea
Let us start from a general lagrangian of SUSY U (N ) gauge theory with an adjoint chiral multiplet,
where K is a Kähler potential with its gauging by the gauge group understood, W a α is field strength superfields, τ ab (Φ a ) is a gauge kinetic function of the chiral superfield Φ a in the adjoint representation, and W (Φ a ) is a superpotential. If we take the Kähler potntential, the superpotential and the gauge kinetic function of the form
2)
3)
this model is promoted to an N = 2 supersymmetric theory and is known to exhibit the partial spontaneous breaking of N = 2 supersymmetry to N = 1 at the tree level 12-13 . Our mechanism discussed below can be also applied in this case. The fermion bilinears made of the gaugino λ a and the matter fermion ψ a are obtained from the second and the third line of Eq. (2.1):
where τ abc ≡ ∂ c τ ab implies the derivative of τ ab with respect to Φ c . Note that the nonvanishing value of τ abc ensures the coupling of the auxiliary field D a to the fermionic bilinears while there is no bosonic counterpart in the lagrangian. Let us assume that τ ab is obtained as the second derivatives of a trace function f (Φ a ). The nonvanishing VEVs are τ 0aa . The holomorphic and nonvanishing part of the mass matrix is
to each generator. Upon diagonalization, this has two unequal and nonvanishing eigenvalues provided D 0 = 0 and ∂ a ∂ a W = 0.
In this case, the gaugino and matter fermion receive masses of mixed MajoranaDirac type and are split. This observation generalizes the proposal of Ref. 14 where the masses are of a pure Dirac type and the gaugino and matter fermion are degenerate while the supersymmetry is broken. The next issue to be investigated is to determine the value of D 0 . Note that the equation of motion for D 0 tells us that the condensation of the Dirac bilinears is responsible for the nonvanishing order parameter:
Inspired by this property similar to NJL model, we expect that the value of D 0 is given by the nontrivial solution to the gap equation for D-term.
Self-consistent Hartree-Fock Approximation and DDSB
Our goal here is to describe a procedure to construct the effective potential in a self-consistent Hartree-Fock approximation which permits the auxiliary fields D 0 to receive a nonvanishing VEV, and thereby give gaugino and matter fermion a mixed mass term of Majorana-Dirac type. We will carry this out to one-loop order. The procedure gives an optimal value for the scalar VEV as well to this order.
One-loop contribution to the effective potential
Let us consider the effective potential to one-loop order:
is a counter term which will be introduced in the next subsection. The potential at the tree level is given by
where
is not erraneous. The one-loop effective potential V 1−loop will turn out to be essentially a variant of the Coleman-Weinberg potential.
It is now clear that the entire contribution to the 1PI vertex function iΓ 1−loop is
There are methods available to regulate and evaluate this expression. For instance, one can make exploit the integral
to obtain the one-loop contribution to the effective potential:
Analytically continuing 3 to 1 + d/2 in the case of d dimensional integral, we obtain
3.2. Subtraction of UV divergence and the effective potential up to one-loop
The theory under consideration is nonrenormalizable at least by power counting but we would still like to isolate UV infinities and to subtract them by adding a supersymmetric counter term to one-loop effective potential
Now the part of the one-loop effective potential which contains ∆ reads
(3.10)
We will absorb the infinity in A(d) into Λ res by imposing one condition, which is, for instance,
where c is a fixed non-universal number. We finally obtain
Gap equation and vacuum condition at one-loop level
The gap equation can be obtained from the stationary condition of the potential at one-loop (3.12) with respect to ∆. The fact that the nontrivial solution to the gap equation exists can be also checked numerically. In Figure 1 , the quantity ∂V
= ∂V
one−loop /(∆∂∆) is plotted as a function of ∆. Obviously, a unique zero point can be seen, which implies the existence of a nontrivial solution to the gap equation. Although a particular set of parameters is chosen in the Figure 1 as an illustration, we have checked that a nontrivial solution indeed exists in a wide range of parameters. Therefore, we conclude that SUSY is broken by dynamically generated VEV of D-term in a self-consistent Hartree-Fock approximation.
Nonvanishing
In the above analysis, we have shown that SUSY is dynamically broken by the nonvanishing VEV of D-term to the leading order in the Hartree-Fock approximation. However, this is not sufficient to discuss phenomenological applications to the observable sector appropriately. We have to note the fact that nonvanishing VEV of D-term induces that of F-term in general.
Let us see how this happens in our case. The VEV of the scalar fields get shifted in the vacuum of nonvanishing ∆ and then the F-term also develops a nonvanishing VEV as a result of the vacuum condition.
Combining with the condotion δ V = 0, we further obtain
These two relations (4.1) and (4.2) determine the nonvanising F-term induced by the nonvanishing D-term.
The metastability of our vacuum
Combining the two facts that the trivial solution ∆ = 0 of the gap equation is also a solution and the energy in rigid SUSY theories is positive semi-definite leads us that our SUSY breaking vacuum is a local minimum. For our mechanism to be viable, we have to show that our SUSY breaking vacuum is sufficiently long-lived during the decay into the true vacuum with ∆ = 0; in other words, the lifetime of our vacuum must be much longer than the age of universe. Taking into account the nonvanishing F-term VEV as well discussed in the previous section, we carry out an order estimate of the lifetime of our SUSY breaking vacuum. Neglecting O(1) quantities, we have
where Λ is a cutoff scale. Plugging these VEVs into eq. (4.1) leads to
The decay rate of our vacuum to the true one is controlled by the factor exp[−| ∆φ | 4 / ∆V ] as seen in Ref. 15 , where ∆φ , ∆V are the shift of the scalar field VEV, the potential height between two vacua. These two quantities are estimated as follows.
Using these results, the requirement of the longevity of our metastable vacuum is given by the condition 5) which is always satisfied as long as m 0 ≪ Λ.
Application
In the phenomenological model building, our mechanism of SUSY breaking can be applied to the model of SUSY breaking mediation 14 . Consider an N = 2 extension of the gauge sector and N = 1 matter sector of the minimal SUSY Standard Model (MSSM). The reasons why the MSSM matter sector is not extended to N = 2 are that we need chiral fermions for quarks and leptons and we would like to avoid Landau pole of QCD gauge coupling. The N = 2 extention of the gauge sector leads to the existence of the scalar gluons, which are expected to provide distinct signatures of collider physics and so on as a prediction of our mechanism. As for the gauge group, we take G ′ × G SM where G ′ (G SM ) are the hidden (SM) gauge group, respectively. G ′ includes an overall U (1) gauge group responsible for the dynamical SUSY breaking.
The key ingredient to work our mechanism of SUSY breaking is the dimension five operator in the gauge kinetic term,
which is a source of Dirac gaugino mass by the nonvanishing D-term VEV. As discussed in section 4, the nonvanising F-term is also induced by that of D-term, which implies that the SU (N ) gaugino mass of the form such as (2.7) is no longer valid. In fact, the holomorphic part of the fermion mass matrix to the leading order is modified as
The SU (N ) gaugino and matter fermion masses are obtained by diagonalizing this modified mass matrixM a,a . As for gaugino and matter fermions in the U (1) sector, the hidden sector where the Nambu-Goldstone fermion resides, the index loop circulates in the one-loop self energy part as well, which is, in additon to the above contributions, regarded as the leading contribution to the mass matrix. The massless fermion ensured by the theorem is an admixture of λ 0 and ψ 0 . Once the gaugino masses are generated, the SUSY breaking is transmitted to the sfermion masses by 1-loop RGE effects 14 .
where M λi are the gaugino masses of the SM, C i is the quadratic Casimir of representation R and α i are the fine structure constants. These sfermion masses are positive and flavor-blind. Therefore our sparticle spectrum is free from supersymmetric flavor and CP problems.
Conclusions
In this talk, we have proposed a new mechanism of dynamical SUSY breaking where a nonvanishing VEV of D-term is generated at the leading order in the selfconsistent Hartree-Fock approximation as in the theory of superconductivity and chiral symmetry. In our mechanism, scalar gluons is assumed to exist in nature, which is distinct from the previous proposals on dynamical SUSY breaking. where the last case might be unphysical since D-term VEV ∆ is much larger than the cutoff scale. In the above expression, the approximate forms of potential in the various limit of parameters are derived.
